Abstract -In this work we present a set of computer codes based either on the Finite Element Method or on the expansion of the Hamiltonian in a defined basis intended to help the design and the analysis of infrared photo-detectors based on semiconductor quantum wells and quantum dots. Our codes are capable of handling both arbitrary potential and effective mass profiles and they take into account the strain induced by lattice mismatch between different materials. In the present version, the computer codes allow the computation of eigenvalues, eigenvectors and oscillator strain for optical transitions. The results are presented in a graphic interface and some examples are included.
I. INTRODUCTION
The first infrared photodetector based on intersubband transitions in semiconductor quantum wells was demonstrated in 1987 [1] . Since then, a lot of research has been put forward to develop this technology further, and today large format and high uniformity GaAs focal plane arrays based on such technology is already available on the market [2] - [3] . The success of such technology is mainly due to its relative low cost, high pixel uniformity, selectivity and design flexibility.
Infrared photodetectors based on intraband transitions in quantum dots (QDIPs) should, in principle, out-perform the ones using quantum wells (QWIPs), because of the possibility of absorbing normal incident light and operating at higher temperatures due to the electron longer lifetimes. Although the performance of QDIPs has improved considerably in the last few years, there is still much to be done before the QDIPs seriously compete with the QWIPs.
The properties of both kinds of detectors are dependent on a fine adjust of both the material composition and thickness of each layer that compound the detector structure. In this work, we present the development of computer codes that allow the evaluation of the electronic states in quantum dots and wells and respective oscillator strain for photon absorption. The codes are intended to help in the design of QWIPs and QDIPs.
Although quantum wires have not been much under consideration for thermal infrared detection, they have great potential as spin and energy filters. Their potential for optical source and detection has also been demonstrated [4] , [5] .
In the next sections the computer code and the mathematical formulations adopted are presented. The results obtained for quantum wells, quantum wires and quantum dots are presented and discussed, and illustrate the potential of the software tools developed in this work to the design of devices based on these technologies.
II. THE COMPUTER CODE
The computer code developed in this work is part of an effort to develop a multiphysics computer program, named LEVSOFT [6] - [9] . The module developed for the analysis of multi-quantum wells (MQW) is named QWS. QWS allows the definition of the parameters of a MQW, such as, the thickness and the sequence of the material layers that compound the device, and it computes both the effective mass and the potential of confinement of the conduction band of each layer. It also computes a set of eigenenergies and eigenstates associated to the MQW and the oscillator strain, the probability of absorbing incident radiation between two energy levels of the MQW.
A simple user friendly graphic interface was developed in order to allow the definition of the layer thicknesses and the materials composition (binary, ternary and quaternary alloys of III-V compound semiconductors). The material parameters of the alloys were obtained from [10] . This version of the program also allows the use of different parameters inserted manually. The graphic user interface allows the definition of periodic structures easily. The conduction band profile, including the strain due to the lattice mismatch between different materials, is automatically computed when it is needed.
The potential of confinement of each layer, the eigenvalues and eigenvectors, are also presented graphically in order to allow their analysis. The eigenfunction outputs are presented superposed to the energy level of the respective quantum state. The visualization options allow putting in evidence each one of the eigenvalues and eigenfunctions.
This module encompasses two different methods to compute the quantum states. The first one is a 1D-Finite Element Method with polynomial base functions (linear or quadratic interpolation) [11] - [12] . The second one uses the expansion of the Hamiltonian in the basis of an infinitely deep well much larger than the region of interest (one dimension box) followed by a diagonalization of the resulting equations.
A quantum wire module uses a 2D-planar Finite Element Method with polynomial base functions (linear or quadratic interpolation) to compute the eigenstates. Two other modules were developed for the computation of eigenstates of quantum dots. The first one is based on an axial FEM, and uses polynomial base functions. The second one uses the expansion of the Hamiltonian in the basis of an infinitely deep well much larger than the quantum dot region (a large cylinder) [13] - [14] .
III. MATHEMATICAL FORMULATIONS

A. Finite element model -FEM
Consider the Schrödinger's equation in the effective mass approximation for a conduction band electron in layered quantum heterostructure. The envelope functions satisfy the equation:
. (1) Here, ) (r r Ψ represents the wave function in the structure, r is the superposition of the potential energy due to the conduction band offsets at interfaces between layers and the potential energy that arises from the presence of ionized donors and the released free charges. In this work, we consider only the potential energy due to the conduction band offsets at interfaces between layers. In FEM, the domain Ω is subdivided into elements of simple geometry, such as, lines and curves in 1D simulations, triangles and rectangles for 2D simulations, tetrahedra, parallelepipeds, and prisms for three-dimensional (3D) simulations. Each element defines a subdomain named Ωk.
The nodal variables, i.e. dependent variables, and, when necessary, their derivatives are computed in each nodal point. The number of nodal variables depends on the formulation adopted for the solution of a given problem. In the formulation adopted in this work, there is only one nodal variable: the wave function. Inside each element the wave functions are expanded in terms of a compact set of base functions, Ni
with n p the number of nodal points in the finite element and ψ i are the value of the wave function computed in each nodal point. The base functions have the following properties on the nodal points:
where δ ij is the Kronecker's delta. The base functions for a determined element γ are valid only in the limits of this element. The value of ψ inside an element is obtained from (2) . In this work we use finite elements of first order (linear base functions, with continuity C 0 ) or of second order (quadratic base functions, with continuity C 1 ). By applying the FEM, one obtain an eigenvalue system equation given by
where,
and n e is the number of finite elements. The effective mass in the quantum dot is computed following an approach similar to the one used for 1D quantum wells. First we obtain the unstrained material parameters of all regions (wells, barriers, dots) based in [10] . An interpolation is used when needed, as for example for ternary and quaternary materials. Using those parameters we calculate the potential profile and effective masses taking into account possible strain induced due lattice mismatch between neighbors materials, as also described in [10] . We have assumed that in each region the potential and effective mass are constants. This is actually not a requirement and we plan to allow for gradual change of material concentration in future versions. The oscillator strain for transition between two eigenstates, i and j, is computed as
B. Hamiltonian expansion formulation -HEF
The Schrödinger equation in the effective mass approximation, (1), can be expanded in terms of 
IV. RESULTS
In this section, some case examples used to evaluate the precision and accuracy of our computer codes and the effect of space discretization are presented.
A. Single quantum well
The results for a simple GaAs/Al x Ga 1-x As rectangular quantum well obtained with FEM and HEF code were compared to the ones obtained in a previous work in which a meshless method was employed [15] . Different quantum well widths varying from 5 to 30 nm were used. The quantum potential was kept constant equal to 225 meV in these tests. Table I presents a comparison among the six eigenvalues obtained for the quantum well 30 nm wide. Fig. 1 shows the graphical output for the eigenvalues and eigenfunctions presented in Table I . Fig. 2 illustrates the behavior of the FEM solution as a function of the mesh density compared with the eigenvalue computed by HEF and the ones obtained in [15] . We define the mesh density as the number of 1D-finite elements inside the smallest QW divided by its width. . This structure was calculated as a first approximation to a problem that is in fact 3D (InAs does not grow as a uniform layer over a AlGaInAs layer, but instead islands are formed, that is dots).
The graphical results are presented in Fig. 3 (a) . Fig. 3 (b) illustrate a zoom of the region of interest. These results were obtained by using first order 1D finite elements. The same results are obtained using second order 1D finite elements, but the convergence rate in terms of number of iterations is better than the one obtained with the first order approximation. This result agrees with the one obtained by the HEF. Fig. 2 The precision of the first order FEM solution compared to the ones computed by HEF and in [15] .
(a) (b) Fig. 3 The eigenfunctions for an asymmetric multiquantum well (a) and a zoom in the region of interest (b). The energy is given in eV. 
C. Quantum wire
In this test case, we reproduced some results presented in [11] for the energy level of electrons and holes in a quantum wire of GaAs (m*/m 0 =0.0665) surrounded by a AlGaAs medium (m*/m 0 =0.0858). We considered quantum wires with square and with rectangular cross-section. As in [11] , the breaking of the degeneracies of certain levels of the quantum wire of square cross-section when the barrier height correspond to the band offset of the surrounding medium is evidenced, Fig. 4 . The solution of the time-independent Schrödinger's equation in [11] was carried out by using the finite element method, but they used Hermite like finite elements, which guarantee the continuity of the wave functions and its derivatives between finite element interfaces (continuity C 2 ). Table II presents our results compared with the ones obtained in [11] for quantum wires of 10 x 5nm 2 and of 10 x 10nm 2 . The energy levels are labeled using the quantum numbers associated with the 1D infinite well in the xand y-directions, (nx,ny). The agreement is very good, although we have used linear Lagrange-type finite elements (continuity C 0 ). (a) (b) Fig. 4 Eigenvalues of a quantum wire as a function of the barrier height.
D. Quantum dots
In order to validate the codes for quantum dots (QD), we reproduced the results of different QD shapes presented in [16] . The first and second eigenvalues of the conduction electron confined by Ga 0.47 In 0.53 As (m*/m 0 =0.042)/InP (m*/m 0 =0.079) QDs with cylinder, lens, and cone-shape are shown in Fig. 5 . Table III shows the ground state energy obtained by using first order FEM for each QD shape. The values obtained by HEF are presented in Fig. 5 .
This code has already been successfully used to understand infrared photo-absorption of InAs self-assembled quantum dots grown inside quantum wells made of quaternary material [17] . Fig.6 shows two eigenstates for this more complex QD structure. Fig.6 (a) correspond to the ground state, localized in the dot, and Fig.6 (b) is an excited state, the first one that is extended over the wet layer. In the current stage, we have developed a computer program that allows the computation of eigenvalues and eigenfunctions for layered quantum well heterostructures. The code allows the definition of the layered structure considering band parameters for III-V compound semiconductors and some of their alloys, computes the oscillator strain, and provides a simple graphic user interface, which allows the visualization of the eigenstates.
We implemented other three modules that allow the design and analysis of quantum wires and quantum dots. We reproduced the results of simple quantum wires of rectangular and squared cross section presented in Literature by using first order triangular finite elements (2D FEM). The quantum dot modules implemented use a 2D-axial FEM and the HEF. These three modules are in test phase and they are going to be implemented in the LEVSOFT computer code, after adapting the graphical user interface for the definition of the quantum structures and for the graphical analysis of the results.
These codes are a first step in the development of a user friendly integrated tool for the analysis and design of QWIP and QDIP. This tool will allow self-consistent analysis in quantum wells, quantum wires e quantum dots structures based in the conduction band absorption of semiconductors materials. We are not aware of the availability of similar software on the web, but we are indeed aware of other approaches to calculate such properties, as for example, the full band K.P approximation and pseudo potential calculation. Those approaches are usually much more expensive computationally, and it is not well established the real gain of using them when only the conduction band absorption takes place. On the other hand, the effective mass approximation is known to work very well for quantum wells and has a recently history of reasonable agreement with experiments involving quantum dot infrared absorption. The implementation of a self-consistent approach for QWIP is under development. Two eigenstates of a quantum dot with a wet layer.
